Abstract-This paper studies optical communications using subcarrier phase shift keying (PSK) intensity modulation through atmospheric turbulence channels. The bit error rate (BER) is derived for optical communication systems employing either on/off key (OOK) or subcarrier PSK intensity modulation. It is shown that at BER = 10 −6 and a scintillation level of σ = 0.1, an optical communication system employing subcarrier BPSK is 3 dB better than a comparable system using fixed-threshold OOK. When σ = 0.2, an optical communication system employing subcarrier BPSK achieves a BER = 10 −6 at SNR = 13.7 dB, while the BER of a comparable system employing OOK can never be less than 10 −4 . Convolutional codes are discussed for optical communication through atmospheric turbulence channels. Interleaving is employed to overcome memory effect in atmospheric turbulence channels. An upper bound on BER is derived for optical communication systems employing convolutional codes and subcarrier BPSK modulation.
at 7:10 Pacific Standard Time (PST) and 17:30 PST, and reached 29 dB at 13:20 PST. The scintillation was worst around 1:30 pm, and was very bad for several hours [5] . Signal scintillation caused by atmospheric turbulence severely degrades the performance of optical communication systems [7] , [8] . It severely limits the applications of optical wireless communications [9] .
The effect of atmospheric turbulence on light waves was extensively studied in the 1960s [8] . The scintillation introduced by turbulence was studied in [10] through experiments. It was shown that there was a limit for aperture averaging to mitigate optical signal scintillation. When the detector collection aperture reaches some certain size, increasing it will not help further reduce the scintillation level [10, Fig. 4] . Measurements were made in [11] with collection aperture ranging from 1 mm to 1 m in diameter. The log-normal variance decreased smoothly for diameters from 1 mm to about 10 cm, and showed no decrease for receiver aperture from 10 cm to 1 m. Theory and experimental results on aperture averaging were discussed in [12] . The receiver aperture in [13] was D = 8 cm, much larger than the correlation length of d 0 = 1.8 cm for a 500 m outdoor link. The weak turbulence in [13] degraded SNR by 16 dB at a BER = 2 × 10 −4 . Experiments showed that the signal scintillation magnitude saturates at a range of about 700 m [14] , [15] . No further growth of scintillation magnitude was observed at longer distance. In these experiments, the magnitude of scintillation was observed as a log-normal distribution. A theoretical approximation was developed in [16] to show that optical signal scintillation caused by strong atmospheric turbulence has a log-normal distribution.
Recently, progresses have been made to mitigate optical signal scintillation caused by atmospheric turbulence. Spatial diversity was employed in [17] , where multiple copies of a message were sent through uncorrelated paths to a receiver. Multiple copies of the received signal were combined at the receiver to make a decision. Such an optical communication system employs N > 1 transmitting optical beams and M ≥ 1 front end(s) in the receiver [18] . Terminal cost increases with N and M . Adaptive optics to mitigate optical signal scintillation was analyzed in [19] . Adaptive optics needs complicated design, and results in high cost.
Communication theory to overcome optical signal scintillation caused by atmospheric turbulence is far from being mature. The existing work related to high data rate commercial applications has focused on communication systems using OOK modulation [9] , [13] , [18] , [20] , [21] . In such a system, a threshold is set for demodulation. Atmospheric turbulence makes it very difficult to choose an appropriate threshold [7] . Thousands of optical wireless communications terminals deployed in the past decade have employed OOK with fixed threshold, for its simplicity in implementation. However, atmospheric turbulence remains as a big problem for OOK systems [7] , [13] , [18] . Existing systems have employed high transmission power to handle atmospheric turbulence. This practice has resulted in high cost.
Subcarrier BPSK intensity modulation in optical wireless communications was briefly analyzed in [22] . An experiment on differential BPSK was reported. It was shown that subcarrier phase-shift keying (PSK) intensity modulation was superior to OOK in the presence of atmospheric turbulence. The OOK curves in [22] were directly from [7] . No solid analysis has been developed to answer why subcarrier PSK intensity modulation can perform better. Because the optical wireless communications industry has experienced a healthy growth in recent years, it is important to develop theory and technology to overcome atmospheric turbulence and reduce system cost. There is a need to compare OOK against subcarrier PSK intensity modulation through solid analysis in modulation theory. Such an analysis will clear doubts on optical wireless communications, and should support the design of future optical wireless communications systems. Performance of coded systems employing subcarrier PSK intensity modulation also needs to be investigated for the selection of error correcting codes in practice.
This paper develops a framework for optical communications through a turbulent atmosphere. Section II describes the system model. Section III analyzes BER for optical communication systems using OOK. Its intrinsic disadvantage is identified. Section IV analyzes the BER for optical communication systems employing subcarrier PSK intensity modulation. Section V employs interleaving to improve decoder performance and simplify the analysis of BER bound for convolutional codes. Simulation results are presented for optical communications systems employing convolutional codes with either OOK or subcarrier PSK intensity modulation. Section VI concludes the study. Fig. 1 shows the block diagram of an optical communication system through the atmosphere. The information generated by a source is encoded by an encoder, interleaved, and modulated into an electrical waveform by an electrical modulator. In the optical modulator, the intensity of a light source is modulated by the output signal of the electrical modulator. The light source is a laser, characterized by its wavelength, power, and beam divergence angle. There is a collimator or telescope in the transmitter to determine the direction and the size of the laser beam. The receiver consists of an optical front end, a photodetector, a demodulator, a deinterleaver, and a decoder. The optical front end contains lenses focusing the received optical field onto a photodetector. The photodetector converts the received optical field to an electronic signal, which is demodulated. The demodulator output signal is deinterleaved and decoded. The decoded bits are fed into an information sink.
II. SYSTEM MODEL
In an optical communication system through the turbulent atmosphere, the intensity P (u, t) of the received optical signal can be written as
where A(u, t) is a stationary random process for the signal scintillation caused by the atmospheric turbulence, u is an event in the sample space, and P s (t) is the received optical intensity in the absence of turbulence. Let R A (τ ) be the autocorrelation function of A(u, t). Assume that R A (0) is normalized to unity so that the average power of the converted electrical signal is normalized for analysis. When R A (0) is normalized, the probability distribution of a sample at any time instant is determined by one parameter defined as the scintillation level σ. The power spectral density was measured in [25] for near-ground horizontal turbulent paths of 1 and 2.5 km using an unmodulated laser beam. The bandwidth of the measured power spectral density was less than 1 kHz. The random process A(u, t) in (1) is well known as a log-normal process [14] [15] [16] . Let x(u, t) be a stationary Gaussian random process with the autocorrelation function
which is a log-normal random process. The sample A(u, t = t 0 ) at any time instant t = t 0 is a random variable and has the probability density function (pdf)
2 /2 . To compare the BER performance, especially when coding is employed, the second moment of A is normalized at the photodetector output so that the power of the electrical signal is unity. By normalizing E{A 2 }, one has k = exp{−σ 2 }. The pdf of the random variable A(u, t = t 0 ) can be written as
and
III. OPTICAL COMMUNICATION EMPLOYING OOK INTENSITY MODULATION
OOK is the dominant modulation scheme employed in existing optical communication systems through the atmosphere for commercial applications. It is well known that atmospheric turbulence causes severe performance degradation to such systems [13] . This section identifies the root cause for the performance degradation.
In an OOK system, the information data sequence is converted into an electrical signal
where d i ∈ {1, −1} is the signal level for the ith data symbol, g(t) is the shaping pulse, and T s is the symbol time. This electrical signal drives a laser. The intensity of the transmitted laser beam can be written as
The received intensity of the optical beam can be written as
where P is the maximum received intensity when there is no turbulence. Hence, the received electrical signal is
where K is a constant determined by the received optical intensity and the photoelectric conversion efficiency, n(t) is additive white Gaussian noise (AWGN) [9] , [13] , [20] , [21] , [26] , [27] . Without loss of generality, the received electrical signal can be written as
When there is no turbulence, i.e., A(u, t) = 1, the received electrical signal is
The dc term can be filtered out without impairing the spectrum of the information signal. The BER of the optical communication system employing OOK modulation can be written as
where E b is the energy per bit contained in the second term in (11) , and σ 2 g is the power of the additive Gaussian noise [28] . The signal-to-noise power ratio is ν = E b /N 0 with σ
When atmospheric turbulence is present, the received signal is disturbed by the turbulence if the logic "1" is sent and the laser is turned on. In this case, the received signal can be written as
The conditional pdfs of the electrical signal at the photodetector output can be written as
where s 0 indicates that the logic "0" is sent, s 1 means that the logic "1" is sent, and σ is the scintillation level. Equation (15) is obtained through a convolution of the log-normal density function and the Gaussian density function. These two conditional pdfs are asymmetric. To minimize the error probability, the receiver must have accurate knowledge of both the turbulence level and the additive noise to choose an optimum threshold, which is impossible in system implementation, pointed out in [7] and verified in the practice of free-space laser communications.
Let the detection threshold be T > 0. The BER of an OOK system in the presence of atmospheric turbulence can be written as
where p 0 is the a priori probability of sending the information bit "0". Substituting (14) and (15) into (16) , the BER of an OOK system can be written as
where (18) and
where f (x) is the pdf of the scintillation random variable and f g (x) is the pdf of the additive noise. At high SNR, the BER is determined by both the scintillation level σ and the threshold. The BER limit can be written as
For optical communication systems employing OOK through the atmospheric turbulence channel and direct demodulation with a fixed threshold, the BER cannot be infinitely small even when the SNR is very high. This explains the BER floors for OOK systems employing fixed-threshold detection, as observed in [7] . There is a BER limit as a function of both the scintillation level σ and the threshold T . A low threshold may result in poor BER performance at low SNR, but better performance at high SNR. Let the threshold be the mean of the log-normal scintillation process, i.e., T = e −σ 2 /2 , by (5). The BER limit for different scintillation levels is shown in Table I . A BER limit also exists for coded optical communication systems employing fixed-threshold OOK. This is verified in Section V.
Optical communication systems employing fixed-threshold OOK intensity modulation cannot overcome the atmospheric turbulence [7] . This can be explained in the frequency domain. Following (10), the power spectral density function of the received electrical signal can be written as
where A(f ) is the power spectral density function of the turbulence process A(u, t), Z(f ) is the power spectral density function of the transmitted signal z(u, t), A(f ) * Z(f ) is the convolution, and N (f ) is the power spectral density function of noise process. The response of the atmospheric turbulence channel to the nonzero dc term in the transmitted signal is the baseband random process A(u, t) in (10), or the first term in (21) . The response of the atmospheric turbulence channel to the information carrying signal z(u, t) in (6) is the scintillated signal as the second term in (10) or in (21) . The scintillation process A(u, t) and the signal z(u, t) are independent baseband random processes. Because the information carrying A(f ) * Z(f ) and the noninformation A(f ) are both in baseband, it is too difficult for a receiver to differentiate these two random processes. In other words, the demodulation is always disturbed by the first term in either (10) or (21) . Therefore, the scintillation process A(u, t) can severely limit demodulation performance.
IV. OPTICAL COMMUNICATION EMPLOYING SUBCARRIER PSK INTENSITY MODULATION
The performance of optical communications system in the presence of atmospheric turbulence can be improved by separating the information carrying signal from the noninformation carrying first term in (10) or (21) . The separation should be completed before the demodulator input. As long as intensity modulation is used, the first term in (10) or (21) always exists. In practice, intensity modulation is preferred for simplicity. One method is to shift in the frequency domain the information carrying second term in (10) or (21) away from the baseband random process A(u, t) [23] . This section analyzes the performance of optical communication systems employing subcarrier PSK intensity modulation through the turbulent atmosphere.
Consider the optical communication system employing subcarrier PSK intensity modulation in Fig. 1 . In the electrical modulator, the data sequence is modulated using PSK, which can be implemented with existing microchips at very low cost. The PSK signal is upconverted to an intermediate frequency (IF) f c . Because the bandwidth of the scintillation process A(u, t) is only a few kilohertz [25] , f c can be chosen high enough to guarantee that the first term and the second term in either (10) or (21) do not overlap in the frequency domain. With the current RF technology, f c can be large enough to support several gigabits per second. Unless required by a very high data rate, f c should not be too large so that the terminal cost can be low. The upconverted PSK signal modulates the intensity of the laser in the transmitter. The transmitted optical intensity can be written as
where s i (t) = j g(t − jT s ) cos φ j is the in-phase signal and s q (t) = j g(t − jT s ) sin φ j is the quadrature signal, 0 < α ≤ 1, ω c = 2πf c , φ j is the jth phase symbol, g(t) is the shaping pulse, and T s is the symbol time. The amplitude satisfies s 2 i (t) + s 2 q (t) ≤ 1 to avoid nonlinearity. Directly modulated laser diodes such as the JDS Uniphase CTR915 Series can be employed for high efficiency α = 1 and low cost. The dc component in the transmitted signal (22) is greater than zero, which is always true when intensity modulation is employed.
The received optical intensity can be written as
where I 0 is constant. The electrical signal at the photodetector output can be written as
I(t) = A(u, t) + αA(u, t)[s i (t) cos ω c t − s q (t) sin ω c t]
where n i (t) and n q (t) are AWGN processes each with variance σ 2 g . This system is required to transmit the same optical power as that in a comparable system employing OOK in Section III.
The power spectral density of the received signal is
where
where f c is the IF, B A is the single-sided bandwidth of A(f ), and B B is the single-sided bandwidth of B(f ). The first term in (24) can be filtered out by a bandpass filter, which gives the output
Downconverting this signal to the baseband gives the in-phase signal at the demodulator input as
and the quadrature signal r q (t) = αA(u, t)s q (t) + n q (t).
Carrier phase recovery is required to obtain (28) and (29) . OOK systems do not need carrier phase recovery. For optical communication systems employing BPSK through the atmospheric turbulence channel, the BER is
(30) One has
For optical communication systems employing QPSK, the BER can be written as
(32) When M -ary PSK with M > 4 is employed, define the received signal vector r = [r i r q ]. Let V = r 2 i + r 2 q and Θ = arctan r q /r i . The joint pdf can be written as [28] 
where r is the envelope of the received signal when the AWGN is not present. This yields the joint pdf of V , Θ, and r as
The symbol error rate is
In (32) and (35), the symbol energy is normalized to unity. Fig. 2 shows the simulated BER for optical communication systems employing subcarrier BPSK intensity modulation or OOK through atmospheric turbulence. The threshold for OOK demodulation is chosen as the mean of the random process, i.e., e 
SNR = 11.5 dB to reach BER = 10
−6 in the presence of atmospheric turbulence, while a comparable system using OOK requires SNR = 14.5 dB for the same BER. At the scintillation level σ = 0.15, the SNR for the subcarrier BPSK system with BER = 10 −6 is 12.5 dB, while the BER of an OOK system cannot reach 10 −6 . At σ = 0.2, the subcarrier BPSK intensitymodulated system can achieve BER = 10 −6 at SNR less than 14 dB, while the BER of a comparable OOK system is never less than 10 −4 . When subcarrier PSK intensity modulation is employed for optical communication, the response of the atmospheric turbulence to the nonzero dc component in the transmitted optical signal is the first term in the received signal of (24), which is a strong baseband random process of narrow bandwidth. This term is filtered out by a bandpass filter before demodulation, and does not affect the demodulator. In other words, the demodulator uses (28) and (29) to perform demodulation. For subcarrier BPSK intensity modulation, the demodulator needs to estimate the received phase in {0, π}, and the equivalent demodulation threshold is zero. When M -ary PSK with M ≥ 4 is employed, demodulation is in the phase domain, where the demodulator needs to estimate the phase among M possibilities.
It was claimed in [22, Sec. I] that:
"In the presence of scintillation, the subcarrier PSK modulation is more suitable than OOK because of the former's '0' threshold decision."
One can think in this way for subcarrier BPSK intensity modulation, which was the focus in [22] . For subcarrier M -ary PSK intensity modulation with M ≥ 4, this claim is wrong. In general, it is the filtered-out dc response before demodulation that allows subcarrier PSK intensity modulation to have superior demodulation performance. For M -ary PSK with M ≥ 4, there does not exist any "'0' threshold decision" [23] , [28] .
V. PERFORMANCE OF CONVOLUTIONAL CODES
Optical wireless systems are severely limited by power and error correcting coding is desired. This section analyzes the performance of convolutional codes in optical communications employing subcarrier PSK intensity modulation in the presence of atmospheric turbulence.
A performance upper bound for convolutional codes was derived for memoryless channels in [29] . Let T (D, N ) be the generating function of all paths merging with the all-zero path in a convolutional code. The upper bound can be written as
and P i is the probability that the ith bit is in error. A general performance upper bound was achieved as [29] 
and R is the space for the received signal and P (r i |x) is the conditional probability distribution of the received signal when x ∈ {−1, 1} is sent. The atmospheric turbulence is relatively slow [25] compared with the data rates in optical wireless systems. This means the scintillation is almost the same over successive bits. In other words, the channel has memory. Originally invented for the AWGN channel, decoding algorithms for convolutional codes cannot exploit the channel memory and are not optimum for atmospheric turbulence channels. Having low complexity, convolutional codes and the Viterbi decoding algorithm are efficient to correct random errors.
When the instantaneous scintillation is severe, it can cause burst errors and severely degrade decoder performance. Interleaving can be employed to change the bit sequence in coded information blocks. Although there might be successive bit errors in the received bit stream, a deinterleaver changes the bit sequence of the received information block back, and makes the occurrences of errors random [30] .
Block interleaving is assumed to improve the performance of the Viterbi decoder in the presence of atmospheric turbulence [24] . The interleaving is supposed to make distributions of any pair of received sequential symbols independent. A little strong for a channel with long memory, this assumption is necessary to find the performance bound for convolutionally coded systems. When the memory effect of the channel is removed by interleaving, the Viterbi algorithm can be employed for decoding and the bound in (37) can be applied.
For optical communication system employing OOK modulation, when the turbulence is present, the conditional probability functions are asymmetric as in (14) and (15) . We identify the difficulty in decoding a convolutionally coded OOK signal and try to improve it. Define a code word set {C 0 , C 1 , C 2 , C 3 } as C 0 = (0, 0, 0), C 1 = (0, 0, 1), C 2 = (0, 1, 0), and C 3 = (0, 1, 1). Let P ij be the probability that when C i is sent, the received signal is decoded as C j . Although the Hamming distance between the code word C 2 and the code word C 1 is the same as the Hamming distance between the code word C 0 and the code word C 3 , P 03 = P 12 , when atmospheric turbulence is present. In addition, one has P 03 = P 30 in the presence of atmospheric turbulence. This situation becomes more obvious when the atmospheric turbulence is strong and the receiver noise power is low. When the SNR is extremely high, the error probability for transmitting "0" is almost zero, while the error probability for transmitting "1" is determined by (20) . The asymmetric characteristics for OOK signals increase the complexity of the decoding algorithm. The performance analysis for coded OOK modulation will involve all paths and is very complicated.
For optical communication systems employing subcarrier PSK intensity modulation, the atmospheric turbulence affects the dc term and the information component independently in the frequency domain. The conditional pdf p(r|x) of the received signal can be written as
where x = 1 for logic "1" and x = −1 for logic "0". The conditional pdfs are symmetric. By employing interleaving, the distributions of successive bits are independent. In this case, one has P 03 = P 12 and P 03 = P 30 .
To calculate the performance upper bound for convolutional codes, the pairwise error probability P k (x, x ) for an incorrect path x that differs in k symbols from the correct path x is defined as
where R k is the set of all vectors r = {r 1 , r 2 , . . . , r k } for which
and i runs over the k code symbols in which the paths differ. Then
In (39), the conditional probability function is symmetric, i.e.,
This means the set in which 
Hence, the integral can be written as
With the symmetry of the conditional pdf, an upper bound is achieved as
This upper bound is tighter than that in (37). The approach is applicable to any symmetric signal constellation. For continuous channels, D 0 can be written as
When interleaving is employed, the bound calculation is simplified. Without memory effect, the decoder does not need to calculate the transition probabilities of the Markov process in [20] , and the decoding algorithm is simplified and optimum. Fig. 3 shows simulated BER for an optical communication system employing convolutional code and OOK modulation. The scintillation level is σ ∈ {0.1, 0.2, 0.3, 0.4, 0.5}. The convolutional code is of rate 1/2, constraint length 3, and polynomials [5 7] . At the scintillation level σ = 0.1, the SNR is approximately 7.2 dB at BER = 10 −6 . The coding gain is about 7.3 dB, much larger than that in the AWGN channel. When σ ≥ 0.3, the BER curves exhibit floors. At σ = 0.5, the BER is greater than 4 × 10 −4 when SNR = 18 dB. Fig. 4 shows simulated BER for a comparable system employing subcarrier BPSK intensity modulation and the same convolutional code as in the simulated OOK system in Fig. 3 . At the scintillation level σ = 0.1, the coding gain is approximately 4.5 dB at BER = 10 −6 . The coding gain increases to more than 5.8 dB at the scintillation level σ = 0.2 and BER = 10 −6 . At σ = 0.5, the coded subcarrier BPSK intensity-modulated system achieves BER = 10 −6 at SNR = 11.75 dB. The BER of the coded OOK system is always greater than 4 × 10 −4 . Therefore, subcarrier PSK intensity modulation is superior to OOK, when convolutional codes are employed in optical communication systems through atmospheric turbulence. Fig. 5 shows the simulated BER for optical wireless communication systems employing a rate 1/3 convolutional code and subcarrier BPSK intensity modulation. Ideal interleaving is applied to the coded information block and deinterleaving is employed before decoding. The convolutional code has constraint length 3 and the polynomials [4 5 7] . It can be seen When σ = 0.4 and the correlation time of the scintillation is the same as the bit duration, the BER performance is almost the same as that in [21] . This is because the interleaving makes the scintillation independent between any pair of adjacent bits so that the correlation is nonzero only in the bit interval.
At σ = 0.4 and BER = 10 −6 , simulations have shown that interleaving can help gain approximately 1.2 dB when the scintillation correlation is 1000 times of the bit duration. Therefore, interleaving can help improve system performance in optical communications through relatively slow scintillation channels. Fig. 6 compares the simulation results and bounds calculated using (46) for the convolutional code with rate 1/2, constraint length 3, and polynomials [5 7] . At BER = 10 −6 , the simulated BER curve is about 0.6 dB to the left of the calculated bound for σ = 0.1, and approximately 0.9 dB for σ = 0.4. The numerical results show the bound is tighter than that in [21] . The difference between the simulated result and the calculated bound is caused by that in some subset of R k , it is true that
As the scintillation level increases, the gap between the calculated bound and the simulated curve increases too. This is because when the scintillation level increases, to achieve the same BER, the system has to work at a higher SNR. The pdf of the received signal is dominated by the pdf of the scintillation process. The integral to approximate P k on the set that satisfies (48) becomes larger. 
VI. CONCLUSION
Subcarrier PSK intensity modulation can help to effectively mitigate the signal scintillation caused by atmospheric turbulence in optical communications. The BER limit for fixedthreshold OOK modulation is found. By deriving BER for both OOK and subcarrier BPSK intensity modulation, it is shown that the subcarrier PSK intensity modulation is superior to OOK intensity modulation in the presence of atmospheric turbulence.
Convolutional codes are studied for optical communication systems through the atmospheric turbulence channel. Coded subcarrier PSK intensity-modulated systems are superior to coded systems employing OOK. At the scintillation level σ = 0.5, the BER of an OOK system employing a convolutional code with rate 1/2 and constraint length 3 is always greater than 2 × 10 −4 , while a comparable system employing subcarrier BPSK can achieve BER = 10 −6 at SNR = 11.75 dB. Interleaving is used to overcome the relatively slow scintillation. Simulations have shown that interleaving can help gain 1.2 dB at σ = 0.4 and BER = 10 −6 , when a convolutional code with rate 1/3 and constraint length 3 is used for an atmospheric channel with correlation spread of thousands of bit durations. Interleaving can help reduce decoder complexity significantly and simplify performance analysis for decoding.
An upper bound is derived for the performance of optical wireless communication systems employing convolutional coded subcarrier BPSK modulation. This bound is more than 0.5 dB tighter than the bound in [21] at BER = 10 −6 and σ = 0.4. Therefore, subcarrier PSK intensity modulation and convolutional codes can be employed in optical communications through atmospheric turbulence channels to improve performance and reduce transmission power.
